Abstract: Concrete structures can be damaged by various factors in extreme service conditions. Analytical methods that can predict the strength of structural concrete after exposure to fire are needed to facilitate decisions regarding whether to repair, strengthen, or demolish fire-damaged buildings. However, appropriate and widely applicable material models have not yet been proposed. This paper presents an experimental study in which we assess damage, including changes in flexural strength, porosity and residual cement hydrates, to oven-dried mortar that has been fired and immediately cooled in the air. Mortars were made from calcareous and siliceous aggregates, and one face of each specimen (100×100×400 mm) was exposed to fire curves of ISO 834 and ASTM E119. Specimens for quantitative assessment were hewed to ten layers from the original specimens. Experimental results indicate that the in-depth flexural strength of a thin specimen is substantially diminished by fire exposure, especially for specimens with existing fire cracks. In addition to the loss in strength, changes in porosity and chemical properties occur. Based on the experimental evidence obtained from this study, the relationships between each property are discussed.
Introduction
Cementitious materials, such as cement paste, mortar or concrete, are among the most popular construction materials because they have a high benefit/cost ratio, can be cast in various shapes and sizes and are non-combustible [1] . The performance of such materials varies with mix proportion, such as the cement content, aggregate type, additives and water consistency, and with the service conditions. During its service life, structural concrete deteriorates owing to various factors and structures that are exposed to severe conditions such as fires are especially vulnerable to such deterioration [2] [3] [4] [5] . Fire is one of the most extreme conditions to which structural concrete can be exposed, and can induce severe and devastating deterioration [6, 7] . Because cementitious material has low thermal conductivity and is non-combustible, it is considered to protect steel reinforcements against fire. When a structure is exposed to fire, concrete properties, including chemical structure, physical appearance and mechanical strength, deteriorate, because concrete is designed and built without fireproofing systems [8] [9] [10] [11] [12] [13] [14] [15] . As a result, the overall performance of a fire-damaged concrete structure is thought to be diminished. To ascertain whether a fire-damaged concrete structure should be repaired, strengthened or demolished, its residual integrity must be well examined.
Although it is widely known that cementitious material is substantially damaged by fire exposure, few studies have investigated techniques used to predict structural performance. Such techniques are powerful and have a wide range of applications. To develop such models, knowledge of the relationships between the mechanical strength and basic properties of cementitious materials is needed. Heating above 300 °C causes micro cracking to occur and propagate continuously; cracking becomes visible at approximately 400 °C, and then spalling occurs when the temperature is greater than 1,200 °C [14, 16] . When the temperature is sufficiently high, the physical damage coincides with the decomposition of cement hydration products, leading to a decrease in material strength [9] [10] [11] 17] . Consequently, the classical method of strength evaluation may not be able to measure the actual damage to a cementitious material after a fire, especially for one-directional fire exposure, where the degree of deterioration depends on the distance from the fire origin. In principle, the damage characteristics vary with several factors, including thermal loading and the mineral structure of raw materials. Carbonate and siliceous concrete show different degrees of deterioration in response to fire [18] [19] [20] [21] , but very few data are available regarding the importance of mineral structure. Fire causes damage through three main mechanisms: differences in thermal characteristics between mortar and coarse aggregate, the effects of pore pressure, and chemical compound decomposition [22] . Therefore, oven-dried mortar specimens were used in this study to prevent additional cracks introduced by a thermal mismatch between the mortar phase and the coarse aggregate or by developing pore pressure during the fire tests.
The aim of the present paper is to understand how damage to mortar progresses after onedirectional exposure to fire. Generally, the performance of structural concrete is evaluated by the average response. However, uni-directional firing could introduce a non-uniform damage distribution along a specimen's depth. Therefore, the response of a meso-scale specimen could show the degree of deterioration more precisely. Although concrete is more widely used as a typical construction material, it could be difficult to clarify the fire damage mechanisms. Moreover, mortar is also used as a finishing material, and would therefore be the first material to be exposed to fire. In this study, the damage characteristics of oven-dried meso-scale mortar specimens after fire exposure are therefore investigated. Firedamaged mortar prisms, with dimensions 400 mm in length and 100 mm in width and thickness, are used to assess cracking, residual chemical composition, porosity, and flexural strength. At the end of this paper, the fire damage characteristics and their relationships will be discussed based on the current experimental study.
Experimental procedures

Materials and mix proportions
The raw materials used in this study are locally available in Japan and Thailand. The ordinary Portland cement (OPC) conforms to ASTM C150 and the Thailand Industrial Standard (TIS). The fine aggregates, i.e., crushed limestone and natural river sand, are locally and widely used in Japan and Thailand, respectively. The aggregate is fine, uniformly graded sand that has passed through a 1.70-mm mesh sieve.
In this study, we used non-air-entraining mortars based on the absolute volume of the material constituents in a saturated surface dry condition that has a water-to-cement ratio of 0.55 and a cementto-sand ratio of 0.50. The designated mix proportions in this study, as shown in Table 1 , are exactly the same for all mortar series made from raw materials locally available in both Japan and Thailand. 
Specimen fabrication and curing regime
The 100×100×400 mm prismatic specimens were cast for the one-directional fire test. First, cement and fine aggregate were dry mixed to ensure a uniform distribution before being hydrated by water in the mix proportion. After being mixed well, the fresh mortar was poured and compacted in a 100×100×400 mm prismatic mold. It was then kept in the mold for 24 hours. As shown in Fig. 1 , thermocouples were embedded during casting at various depths, e.g., 25 mm, 50 mm and 75 mm from the bottom surface. Two types of surfaces for the specimen, called the heated face and the side face, are considered. The heated face is the bottom face of the specimen, where the fire is loaded, while the side face is perpendicular to the heated face.
After demolding at 24 hours, the specimens were cured in lime-saturated water for 27 days. Next, they were oven dried at 105 °C for 24 hours to release all residual free water in the capillary pores, which causes pore pressure buildup during the fire test [23] , and to keep the moisture content constant until the fire test date. These regimes provided well-cured specimens and minimized any effects of accelerated hydration and unexpected damage characteristics when heated. By using the embedded thermocouples and two thermocouples attached to the heated and unheated surfaces, thermal gradients during the entire period of burning could be measured.
Heating and cooling regimes
The specimens were one-directionally heated using a furnace programmed with the standard fire curves of ISO 834 and ASTM E119, as shown in Eqs. (1) and (2), respectively, and then cooled to ambient temperature. Fire tests were simulated for three durations (30, 60 and 90 minutes). When the targeted duration was reached, the furnace was automatically switched off, the doors opened immediately, and the specimens were left to cool in the air over many hours to room temperature, as shown in Fig. 2 . However, the experimental conditions of fire tests under ISO 834 and ASTM E119 were slightly different owing to the configurations of the furnace. Fireproof material was used to protect all faces of the specimens except the heated face before being left inside the furnace programmed with ASTM E119. On the other hand, the fireproof material was not necessary for specimen which was burnt with fire curve of ISO 834 because they were placed at the lid of the furnace. The details of raw materials made of mortar, as well as the standard fire curves and experimental conditions, are summarized in Fig.  3 and Table 2 .
(1) (2) where T and t represent temperature (°C) and elapsed time (minutes for ISO and hours for ASTM curves), respectively. The ambient temperature is indicated by T 0.
Because all of the mortar specimens were oven-dried to prevent the buildup of pore pressure, the unit weights of the saturated surface dry and ovendried specimens are different as shown in Table 3 .
Equipment and procedure for flexural test
The first tests of the fire-damaged 100×100×400 mm specimen involved visual inspection of physical appearance, such as surface crack mapping. These preliminary observations allowed us to understand the damage to the materials after exposure to fire, and they were also useful for further experimental work, such as eliminating a major crack in the specimen for a meso-scale 3-point flexural test. Then, the original specimens were cut into four 100×100×100 mm cubes, and the internal cubes were sliced into thin specimens (approximately 10 mm thick) following the geometry recommendations of the Japan Concrete Institute Standard: Method of test for fracture energy of concrete by use of notched beam, JCI-S-001-2003. In total, 10 layers, from heated to unheated faces, were created to understand the non-uniform degree of deterioration along the beam depth induced by onedirectional fire. Additionally, the visible damage on the top and bottom of the thin specimens was also observed.
As mentioned before, quantitative damage assessment of flexural strength, porosity, and residual chemical compounds has previously been conducted using only the JP ISO series. Figure 4 shows the use of a specimen hewed from the original prism for quantitative damage assessment. The thin specimen was first used for the bending test. Approximately 10×10×10 mm cubes were extracted from both sides of the bending failure location for the porosity test, while the remaining part was ground into a powder with a diameter of approximately 150 µm for chemical testing. In the 3-point bending test, a single point load, with a constant displacement rate of 1 µm/s, was applied to the top fiber at midspan, and three LVDTs were installed at the middle and both ends during the entire period. A schematic bending process is shown in Fig. 5 . 
Test procedure for chemical composition
In this study, we considered two main cement hydration products that influence the strength and durability of cementitious material: calcium hydroxide (CH) and calcium silicate hydrate (CSH). The residual amounts of CH and CSH were determined using a thermo-gravimetric/differential thermal analyzer (TG/DTA) and heavy liquid separation and methanol-salicylic acid solution, respectively.
TG/DTA was used to calculate the weight of CH by using the weight of water evaporated from the powder specimen during the test. In the case of CSH, heavy liquid separation was used to separate the coarser and finer phases of the raw powder specimen. Then, the weight of CSH in the finer phase could be determined based on the dissolved weight in methanol-salicylic acid solution.
Test procedure for porosity
The porosity of 10×10×10 mm cubic specimens was determined by means of water absorption. The specimens were first dried in the oven at 105 °C for 24 hours and then immersed in water until fully saturated. Equation (3) shows the calculation of porosity. (3) where P represents porosity (%V/V), and ρ w , m s , m d and V s are water density (g/mm 3 ), weight of the saturated specimen (g), weight of the oven-dried specimen (g), and volume of the specimen (mm 3 ), respectively.
Results and discussions
The aim of this study was to study the mechanical properties of cementitious material after exposure to fire. Therefore, the relationships between mechanical strength and several indices, i.e., po-rosity, cement hydrates, and thermal exposure, are discussed. This technique uses new knowledge about the relationships between mechanical and physico-chemical characteristics, which have already been proposed [24] . In reference 24, it was shown that the mechanical characteristics of mortar were diminished by calcium leaching and strongly related to the amount of cement hydrates and porosity changes.
External thermal loadings and developed temperature histories
During the fire tests, temperatures were measured at several different locations in real time, such as the temperature of the oven and the surface and the developed internal temperature at the embedded thermocouples. Although one of the surfaces was directly exposed to fire, the temperature that was measured at the heated face of the specimen might not have been equal to the internal temperature of the oven for several reasons, such as thermal conductivity, the heat absorption of cementitious material, and the stability of the fire and furnace. Therefore, the temperature of the heated surface is a more appropriate value for describing the developed thermal gradients along a cross section rather than the oven's temperature.
When mortars were subjected to onedirectional fire exposure, the internal temperature gradients started to gradually increase with elapsed exposure time. At a given distance from the heated face, the temperature tends to be higher when subjected to a longer duration. Along the cross section, the developed temperature gradually decreases at a greater distance from the heated face. Figure 6 shows the maximum internal temperature measured at each depth for all series. In the case of calcareous mortars, the developed temperature gradients were approximately similar despite being exposed to different temperature histories. For 30 and 60 minutes under firing, the developed temperatures had approximately the same tendencies in all mortar series. However, there were prominent differences between series when the exposure time was 90 minutes.
As seen from the developed temperature gradients, the types of raw material used in mix proportions, rather than the external thermal loading, might play a dominant role in the development of internal temperature, especially for long-term exposure. For cementitious materials exposed to fire, the initiation and propagation of a crack and its intensity probably cause a non-uniform temperature gradient along the cross section [14, 25] . Therefore, the significant difference in temperatures between calcareous and siliceous mortar under the same fire history could be described by the different crack mappings.
Post-cooling visual observations
Although it has been reported in reference 14 that the different maximum temperatures to which specimens are exposed could introduce different at each layer degrees of deterioration, no quantitative surface damage assessments have yet been reported. Therefore, we aimed to understand the general conditions of the specimens and the quantitative crack assessments of mortars after heating and cooling. In this study, there are two types of cracks: crazing on the heated face and cracking on side faces of the mortar prism. During exposure to fire, the heated face started cracking, with interconnections between cracks, and then crazing was finally found on the heated face in all series. Furthermore, some cracks on the side face were interconnected with the crazing on the heated face. This means that the damage evidence appearing on the heated face might not be simply aesthetic deterioration. Sometimes existing post-fire cracking may affect the material strength at the serviceability level.
The physical condition of the fire damaged specimens is shown in Fig. 7 . One-directional fire exposure was applied to the heated face, which experienced a drastically increased temperature. Meanwhile, the temperature of the internal layer of mortar might have been comparatively low. This means that there was a large difference in temperature between the heated and unheated faces at the beginning of the burning process. This could cause an expansion at the heated face, without corresponding expansion of the other sides. In this study, all specimens were instantaneously cooled in air after reaching the target duration. As a result of this, the temperature to which mortars were exposed, especially at the heated face, changed suddenly. An expanded surface in the heating process might suddenly shrink. Therefore, relatively straight cracks were introduced perpendicular to the heated face owing to the decrease in tensile strength under high temperature, as well as the rapidly developed tensile stress [26] .
From the overview of the physical damage conditions in all specimens, it is seen that the number of cracks increases with increasing time exposure. Moreover, the average length of these cracks tends to be higher for longer durations. To obtain a better understanding of this phenomenon, quantitative cracking assessments of the JP ISO series were conducted. Figure 8 shows the techniques of crack observations. The surface crack density at the heated face was determined by the number of interceptions of craze cracking on the virtual grid. Meanwhile, the crack depth and crack spacing were determined on both side faces. The crack density on the heated face, as illustrated in Fig. 9 , tended to be higher for specimens that were exposed to higher temperatures.
However, the characteristics of cracks on the side faces were different from the crazing found on the heated surface. Relatively straight cracks were seen on the side faces. The crack depth, which was measured from the edge of the side face to the tips of cracks, was not significantly different when comparing different cases and the distribution of spacing between single cracks became less scattered as the time exposure increased. The results of the crack depth and spacing are shown in Fig. 10(a) and  10(b) , respectively. Although longer cracks could be observed when specimens were subjected to longer exposures, there is no clear relationship between average crack depth and exposure time. As seen from Fig. 10(b) , the crack spacing could explain the progress of cracks more clearly. Because the mortar was allowed to cool down immediately in air, the external thermal loading at the heated face changed suddenly from high to ambient temperature. The increase in exposure time and temperature might cause more expansion in the mortar and decrease the resistance to crack initiation. Therefore, the number of cracks on the side faces is increased with increased exposure time. The high variance in the crack spacing is observed in mortar exposed to short-term firing, whereas scattering decreases with longer exposure.
The horizontal cracks are observed as well as perpendicular cracks, especially for siliceous mortar. In case of the calcareous mortars, the general cracking condition was approximately the same even when exposed to different firings. However, the horizontal cracking became more severe and the binding property was ruined in case of the siliceous mortar. The degree of this deterioration became more obvious after 90-minute exposure of siliceous mortar to heat. The characteristics of these horizontal cracks seem to indicate an expansion crack in firing. This difference in cracking pattern may reflect the significant difference in developed temperature gradients, as mentioned in section 3.1.
By comparing the developed temperature gradients along the cross section and the visual observations, it can be seen that the degree of deterioration of cementitious material progresses as exposure time, or temperature to which the mortar is exposed, increases. Moreover, the difference in raw materials used in mix proportions may be a key parameter for understanding general physical damage to cementitious materials exposed to fire, whose influences will be discussed elsewhere. Based on the results of developed temperature and the crack assessments, the existence of fire cracks could demonstrate how fire deterioration progresses in cementitious material and must be taken into account to achieve the mechanical properties of fire damaged cementitious material more precisely [27, 28] . 
Mesoscopic flexural test
The approximately 10-mm-thick testing specimens were prepared while avoiding straight visible cracks initiated by heating and cooling to measure the material strength along the beam depth after firing. However, visible cracks that propagated from the crazing at the heated face could be found on the bottom and top fiber of the thin specimens, especially for the specimens near the heated face. The damage evidence, i.e., visible cracks propagating from the crazing, still existed up to approximately 20 mm in case of 30-minute firing and 40 mm from heated face for 60-and 90-minute firings. The crack width, which ranged from 0.03 to 0.40 mm, was measured on the bottom and top faces of the thin specimens.
The flexural strength along the beam depth for all fire cases, including reference specimens, is illustrated in Fig. 11 . The average flexural strength of non-damaged mortar was 7.20 N/mm 2 , and this tended to be reduced in all fire-exposed specimens, especially for the layer that was directly exposed to fire at the bottom. The flexural strength of those layers was reduced by 66%, 72%, and 81% of non- At a greater distance from the heated surface, the visible damage disappeared. Therefore, the flexural strength gradually became similar to the flexural strength of the non-damaged material. Based on the measurements of flexural strength, the loss in strength was up to approximately 30 mm from the heated face, the same as the existence of damage evidence on the surface of the thin specimens. Therefore, the influence of cracking on post-fire material strength should be taken into account. We also observed a slight increase in strength in some layers next to the severely damaged zone. This is probably because of the rehydration of the unhydrated cement particles within the appropriate range of temperature.
In the flexural test, the failure modes could be divided into two categories, as shown in Fig. 12 . The pre-existing crack was vertically set at the front and back sides along the thin specimen's thickness. When applying a single point load at the top fiber up to the load limit, a real crack would occur. The bending failure locations of non-damaged specimens and specimens without visible cracks were usually found at pre-existing cracks, as illustrated in Fig. 12(a) . On the other hand, the bending failure location was dependent upon the location of major fire crack, as shown in Fig. 12(b) . Therefore, mortar exposed to fire shows structural deterioration, especially for specimens containing cracks induced by fire.
Fire exposure is related to thermal loading. Therefore, temperature is probably one of the appropriate primary indices for predicting the fire damage characteristics of cementitious material. Several studies [11, 12] have investigated the effect of temperature background on fire-damaged material properties. Figure 13 shows the compressive strength of normal weight concrete at elevated temperature which is reported in Eurocode [29] . It was diminished with respect to an increase in temperature in both siliceous and calcareous aggregates. However, there is no report regarding the influence of fire cracks on those material properties. Figure 14 shows the relation between flexural strength and temperature. In the early stage of burning, the flexural strength is slightly increased compared with the strength without any damage. After that, a rapidly decreasing gradient is observed. With respect to an increase in temperature, the flexural strength would be more scattered because of the existence of cracks induced by fire. The flexural strength-temperature relation is slightly different from that of the Eurocode because the existence of a fire crack has been taken into account and the meso-scale damage assessment could obtain the postfire properties more precisely than conventional methods of evaluation.
In addition to the flexural strength, the modulus of elasticity and theoretical fracture energy, based on the concept of the RILEM recommendation [30] , could be determined from the experi- (4), (5), and (6), respectively. Figure 15 shows the average modulus of elasticity along the beam depth. The result shows that the severely damaged zone could be observed as being the same as the flexural strength. When the distance from the heat-ed face is increased, the modulus of elasticity would be increased. However, it is supposed to decrease with thermal experience from the non-damaged specimen.
where E represents Young's modulus; P 1/3 and δ 1/3 are loading (N) and displacement (mm), respectively, at one-third of the peak load. To calculate the fracture energy (G f ), the area under the loaddeflection curve (W 0 ), cross-sectional area at midspan ( As for the flexural strength, the relationship between the modulus of elasticity and temperature can be discussed as shown in Fig. 16 . It can be seen that, as for flexural strength, the modulus of elasticity is strongly related to temperature experiences. Therefore, both are supposed to have a mutual relation. Figure 17 shows the relationship between the modulus of elasticity and flexural strength. An obvious decrease in the modulus of elasticity can be seen when the flexural strength was also comparatively low, i.e., the flexural strength of specimens with an existing fire crack. However, the modulus of elasticity of thermal-experienced specimens was also decreased, even though the flexural strength was similar to that of the non-damaged material.
Because both the flexural strength and modulus of elasticity of the mortar were substantially diminished, especially for specimens with existing fire cracks, a precise material model to predict the mechanical properties of fire-damaged cementitious material must consider the effect of cracking induced by fire exposure.
The result of fracture energy, G f , calculated based on the concept of the RILEM recommendation, is illustrated in Fig. 18 . The average G f of the non-damaged series is 24.78 N/mm. According to the results, the fracture energy of all fire-damaged series was not significantly different compared with that of the reference specimens.
Residual hydration products
When the mortar is exposed to fire, a high temperature could introduce a change in the molecular structure of the chemical composition, i.e., the liberation of chemically bound water. In this study, only calcium hydroxide (CH) and calcium silicate hydrate (CSH), which are known to have an influence on a material's performance and its durability, are discussed. During firing, the compounds still exist up to a certain temperature, i.e., approximately 450-500 °C for CH [9] and 500-550 °C for CSH [11] , while the rehydration process could regenerate in the early stage of burning. The authors would like to determine the residual chemical contents at the location where the temperature is sufficiently high for decomposition, as well as the location where the material strength has been recovered. In this study, the residual chemical compounds refer to the remaining amount in specimens after heating and cooling.
Calcium hydroxide (CH)
There is a molecule of water in the chemical structure, i.e., Ca(OH) 2 , which could be vaporized at a high temperature, as demonstrated in Eq. (7). This concept was used in TG/DTA to determine the remaining amount of CH in the powder based on the law of mass conservation.
The results of the remaining amount of CH in Fig. 19 could describe the reduction tendency along the beam depth, especially in the directly heated layer. The amount of CH was reduced by 51%, 67%, and 65% compared with the non-damaged specimen after 30, 60, and 90 minutes under firing, respectively. The average temperatures of 659 °C, 831 °C, and 877 °C for each case are sufficiently high for the decomposition of those layers. At a greater distance from heated face, the residual amount of CH tends to be higher. 
Calcium silicate hydrate (CSH)
Calcium silicate hydrate or CSH has a complex molecular structure, including a molecule of water, which could be liberated at a high temperature as in calcium hydroxide. Therefore, it should be decomposed during fire exposure. Generally, CSH can be dissolved in a solution made from methanol and salicylic acid. By using this technique, the residual amount of CSH can be experimentally examined.
The result shown in Fig. 20 clearly indicates that CSH decomposition occurred in all fireexposed specimens. In the layer that was directly heated at the bottom fiber, CSH was decomposed by 29%, 63%, and 55%, compared with the nondamaged specimen after 30, 60, and 90 minutes under firing, respectively. A substantial decrease in CSH could also be observed even at greater distances from the heated side. To understand the effect of cement hydrates on the mechanical strength of fire-deteriorated cementitious material, the relationships between chemical compounds and flexural strength are shown in Fig. 21(a) and Fig. 21(b) for CH and CSH, respectively. The individual relation of each chemical compound to flexural strength does not show a clear tendency. However, the integration of the decomposed amount of chemical compounds also does not clearly describe the loss in flexural strength. Moreover, the change in porosity caused by the chemical decomposition is mainly affected by the calcium leaching, not by the evaporation of chemically bound water from the molecular structure. Consequently, the individual influence of porosity and the physico-chemical characteristics might not have a strong relation with the mechanical characteristics of cementitious material in the fire problem. 
Porosity by water absorption
Approximately 10×10×10 mm cubes were picked from both sides of the thin specimens beyond the bending crack after testing. To obtain an overview of the changes in porosity, the authors would like to describe the porosity trends induced by short and long durations of firing. Figure 22 shows that the porosity along the beam depth of fire-damaged specimens is not significantly different compared with reference series. Because the porosity test was conducted on the post-cooling specimens, additional cement hydrates [10, 26, 31] , as well as existing fire cracks, could affect the porosity value. Therefore, porosity might not be an appropriate index for understanding the material strength of fire-damaged mortar. Although the fire did not introduce a change in porosity value, it might introduce a change in pore structure in other ways, such as pore structure coarsening. Instead of the expected increasing trend in the relationship between porosity and temperature due to chemical decomposition, the porosity did not show a strong relation with temperature, as demonstrated in Fig. 23 , as for the mechanical properties, i.e., flexural strength and modulus of elasticity. Therefore, porosity is not a good index for understanding the strength of cementitious material in the fire problem.
In fact, all fire damage characteristics, including the decrease in material strength leading to the initiation and propagation of cracks and chemical decomposition leading to a change in pore structure, were initiated by high temperature. The temperature experience is therefore the most appropriate index, with wide applicability, for understanding the residual mechanical properties of fire-damaged cementitious materials. 
Conclusions
The conclusions drawn from the experimental results obtained in this study are as follows:
(1) All of the experimental results, including mechanical characteristics, porosity, and chemical compositions, show non-uniform distribution of the degree of fire deterioration, which is dependent upon the distance from the fire origin. This finding implies that assessment at a small scale can describe fire damage characteristics more precisely than a macro-scale structural response.
(2) The relationships between material strength and chemical compositions show that they are not able to describe the reduction of strength and stiffness of fire-damaged mortar, while the porosity after heating and cooling also does not have clear tendency. In addition, the crack induced by fire which has a stronger effect to the material strength and failure mode can also be treated as a kind of porosity. Therefore, the porosity and hydration products are inappropriate indices for cementitious material in fire problem.
(3) According to the strong relationships of mechanical characteristics and temperature, as well as the crack assessments, the temperature is the most appropriate index to describe how the damage of cementitious material in fire problem progresses and to understand the postfire mechanical properties, and it could be involved in all aspects of damage.
(4) Because of the strong influence of the existence of fire cracks on mechanical behavior of post-fire mortar, the cracks must be taken into account in order to achieve the strength and stiffness more precisely. Therefore, the relationship between mechanical properties and temperature experiences, considering the effect of fire crack is powerful and has a wide applicability range. In addition, the influence of fire crack on mechanical properties implies that the cementitious material with different fire crack characteristics could have different mechanical responses.
